INTRODUCTION
The common grain beetle, Tenebrio molitor Linnaeus, is one of the "darkling beetles" belonging to the family Tenebrionidae.
Species of the genus Tenebrio are black or dark in color, with moniliform-i antennae, with mouth parts somewhat reduced in size, and generally live in decaying forest vegetation. The usual food for most of the family is fungi. In its ecology, however, Tenebrio mtolitor differs considerably from most of the members of the family Tenebrionidae and from all but a few of the members of the genus Teniebrio. Of the four species of Tencbrio to be found in the Chicago area, two of them (T. castanteus Knoch. and T tenebrioides Beauv.) live in decaying logs and feed on fungi. The other two species (T. m-nolitor L. anid T. obscz{ruis Fab.) are introduced fornms and live in stored cereal or grain. The 'This paper is part of a dissertation submitted to the Graduate School of Northwestern University in partial fulfillment of the requirements for the degree of Doctor of Philosophy. larvae of Tenebrio mtolitor are long and slender, having a general worm-like appearance. They are lighter in color than the adults and not as heavily sclerotized. Both the larvae and adults are detrimental to stored grains; neither, however, is injurious to the living crops.
It was the purpose of this investigation to reexplore and correlate some of the studies on the biology of Tenebrio previously reported, to examine in detail certain aspects in the biology of the animal not heretofore investigated, and to give particular attention to the behavior of the animal in response to various ecological factors, both physical and biotic.
The author wishes to express his sincere appreciation to Dr. Orlando Park, of the Department of Biological Sciences, Northwestern University, for his aid and encouragement throughout the undertaking of this work, and in the preparation of the manuscript. The author is further indebted to Miss Marie AWilson, of the University of Pennsylvania Hospital, for her skillful execution of the figures herein.
ECLOSION
The process of eclosion, or emergence of the adult from the pupal case, presents a critical situation for Tenebrio.
It is apparent from the number of "imperfect" eclosions that may be found in any culture of Tenebrio that some difficulty is frequently encountered by the animals during the process.
The entire process lasts approximately thirty minutes. The various steps occur in the following sequence: a. rhythic contractions of the tarsi; extension of the abdomen; b. violent contractions of the abdomen; asynchronous movement of the feet; c. alternate contraction and expansion of the abdominal segments; head and prothoracic legs free; anntenae and mouth parts move; d. mesothoracic legs free except for the tarsi; e. metathoracic legs free, except for the tarsi; f. metathoracic legs completely free; exuviae pushed clear; g. legs move in walking synchrony; animal rights self; after resting for a short period on its ventral surface, the beetle stands up on its legs and begins to walk.
EFFECTS OF MOLDS
Although it has not been found that the molds have any lethal effects on Tenebrio ("accidental" laboratory molds, of the order Moniliales in the Fungi Imperfecti), it was found that the animals reared in moldy culture medium had a pronounced reduction in size. There was no evidence that the mold retarded the rate of development. It was observed that the time of eclosion in the "mold" group was precisely the same as that in the normal cultures.
In both groups, eclosion occurred on the ninth day after pupation.
Records were kept for five animals which pupated on the same day in the moldy culture, and for five which pupated in normal cultures. The average daily weights of the pupae in the moldy culture dropped from 84 mg. on the day of pupation to 77.8 mg. on the day before eclosion. The corresponding values for the normals were 157.3 mg. and 148.3 mg., respectively. As adults, those reared in the moldy culture dropped in weight from 69.0 mg. on the first day after eclosion to 43.0 mg. on the 21st day. The corresponding values for those reared in normal cultures were 132.3 mg. and 93.0 mg., respectively.
It is probable that the mold rendered the food distasteful to the larvae, thus limiting their feeding, which would in turn produce smaller pupae and smaller adults.
COMMENSALISM
In the cultures of Tenebrio molitor there are several other organisms that may live with this species in a rather loose commensal relationship. Usually these commensals are of little consequence, unless their reproductive potentials are such that they can crowd out Tenebrio, a phenomenon which has been shown with two species of flour beetles (Park 1948). But occasionally there will occur a tremendous number of one of the commensal species which is detrimental to the populations of Tenebrio.
The most common commensals in a Tenebrio culture are the flour beetles Tribolium confusum Duval and Tribolium castaneum Herbst, the flour moth Ephestia kuhniella Zeller and various mites of the family Acaridae. Although no actual tests have been made of the population dynamics among these three groups of organisms, several gross features are apparent. Ephestia has never been seen in the cultures used as stock for these experiments and observations in numbers large enough to suggest that Tenebrio populations were in any danger of being crowded out. On the other hand, one culture with only a few Tribolium con fusum initially present changed during a period of six months to an almost exclusively Tribolium population.
The mites show the most dramatic fluctuations in their populations. During a period of two years, in February of each year, the mite populations suddenly increased so that the sides of each culture container were coated with mites. Close inspection revealed them on every flake of cereal examined. They were also all over the adults, pupae, and larvae, but there was no indication of parasitism. The mites feed on the cereal. In addition, however, when one of the beetles is injured, the open wound seems invariably to be covered over completely with mites. The numbers of mites increase to enormous proportions during the month of February, than drop with about the same rapidity. Although they might inhabit any of the containers of cereal, the mites are always most numerous in the containers with the most mold. These containers are also the most moist.
There are several mites of the genus Acarns which inhabit cereals. One of the most common of these is the grain-flour mite, Acarus siro (L.). This mite appears to fall into the category of "incompletely overlapping generations" described by Davidson (1944 
LIGHT AND CHEMICAL EXPERIMENTS
Materials and Methods. In the light and chemical experiments, the animals were kept in individual petri dishes. In the first series, testing for the orientation to lateral daylight, the larvae were kept and tested in covered petri dishes 7 cm. in diameter. The background under the dishes was white. The dishes were arranged in a row two feet from the window. There were five larvae in each dish, with three dishes each of five larval sizes. Readings were taken at various times during the day. The basis for the reading was the percentage of animals in each dish found on the side of the dish away from the light. The dishes were marked into halves, and any animal on the line between the two halves was scored as 50% away from the light. A corresponding series of animals was kept in the dark and removed briefly for the reading. In the light-dark experiments, "alternative chambers" were used. These consisted of 9 cm. petri dishes which were transparent on one half and painted black on the other. Each dish had a dry filter paper on the bottom to facilitate the movement of the animals. The light source was an Erb and Gray lamp. The light readings taken showed an intensity of 600 foot candles in the center of the chamber, and 500 foot candles around the periphery. The animals were subjected to both two-and five-minute tests, being kept in the dark when not being tested. A stop watch was used for the timing and the times noted each time the animal being tested left one area and entered the other. From these data, the precentage of time the animal spent in the dark was calculated and recorded as the index of the animal's degree of photonegativity for that test. After several tests had been run, decided variations appeared in the results of the various groups because of the inactivity of individual animals in certain groups. For this reason, calculations were made involving only the active animals on one hand, and the total group on the other.
In the chemical experiments, the insect repellent paradichlorobenzene (PDB) was used. In one series of tests, the PDB was put in the dark part of the alternative chamber. In another group, the PDB was put in one half of the dish all of which was illuminated, and the avoidance of the PDB by the insect was calculated in the same manner as its avoidance of the dark in the preceding experiments. The tests in this series were run in the same manner as the light-dark series, both adults and larvae being used, and both twoand five-minute tests being run. Results and Observations. In the first series of experiments, using 75 larvae (15 of each of five sizes), it was found that the animals exposed to lateral daylight illumination selected the side of the dish away from the source of light 65.26% of the time, as contrasted with the essentially random distribution of those kept in the dark, which were found on the corresponding side of the dish in only 53.03% of the time (Fig. 1 ). This agrees with the findings of Brandt (1934) in his work on the larvae of the grain moth Ephestia kuhniella.
In the second series of experiments, 20 larvae were tested for their behavior in an alternative chamber, the alternatives being light and darkened areas. In these 5-minute tests, a wide divergence in the results from considering actives alone and total numbers of animals is apparent. Whereas the actives spent 81.4% of the time in the dark, the entire group (inactives plus actives) averaged only 69.9% (Fig. 2) . The animals were intro- duced into the light area in each case, and the inactives were either too slow in moving to reach the dark area, or did not move at all. With these considerations, it seems probable than an evaluation of the actives alone would give a more characteristic picture of the behavior of the organism under these experimental conditions. (This view will be supported later in a consideration of the effect of approaching pupation on larval activity.)
In the third series, 20 larvae were tested as above, but for two minutes only per test. The results of these tests are shown in appears that both the actives and the "totals" spent a smaller percentage of the time in the dark than in the previous tests. This might be attributable to the fact that the animals were introduced into the illuminated area, an appreciable amount of time being spent getting to the dark side.
In the fourth series of tests, adult beetles were given two-minute trials in the light-dark alternative chamber. The results (Fig. 4) the value of considering the active animals alone, for the total readings on the two series are about the same (54.83% for the larvae and 53.16% for the adults). The apparently lower photonegativity of the adults was demonstrated by their venturing back into the light from the darkened area with little or no hesitation, whereas the larvae demonstrated a tendency to remain in the dark once they had reached that area.
In the fifth series of experiments, the same apparatus was used as in the light experiments, except that the chemical paradichlorobenzene was sprinkled around the dark area. One gram of it was used, which gave a fairly uniform covering for that half of the dish. A parallel series was conducted with conditions the same, except that there was no darkened area in the dish. This was designed to show the reactions of the animals to the chemical alone. In both of these series, 20 larvae were used and each test ran for five minutes. The results (Fig. 5) in the behavior of the larvae under these two sets of conditions. The figures would be even more dramatically contrasted if the readings for the last two days were not included. The lower readings in both the "PDB" and "no PDB" groups on the last days of the experiments were attributable to pupation two days after the last reading. Comparison of the two major groups in Figure 4 gives a convincing picture of the strong negativity of the animal to light. When a darkened area was not available (Fig. 5) , the animals spent an average of only 17.81% of the time in the PDB area, but when they had an alternative of PDB with darkness, or light without PDB, they selected the former 69.84% of the time (actives). This suggests that the reaction of the larvae to light is more strongly negative than to the insecticide paradichlorobenzene.
The sixth series of tests was similar to the above, except that the time of the tests was limited to two minutes. The results (Fig. 6) essentially different from those obtained in the five-minute tests.
The seventh series of experiments was similar to the sixth, except that adults were used instead of larvae, and 40 animals were used in both the light-dark and all-light groups. Again, as in the "light" experiments, the adults spent less time in the darkened area than did the larvae (in the preceding series). This can be seen in a comparison of Figure 7 and Figure 6 . Further, it can be seen in a comparison of Figure 7 and Figure 4 that the adults spend less of their time in the dark when PDB has been added to that area than when PDB was not present. It may also be noted that the adults spend almost twice the amount of time in the area of PDB if it is darkened, than they do when it is not. Again, as with the larvae in the preceding experiments, the negativity of the adults to light appears stronger than their negativity to the insecticide.
In these and other studies of the behavior of the larvae of Tenebrio molitor, a conspicuous difference is immediately evident in the behavior of the individual animals. Some are very active, others quite inactive, despite the uniformity of conditions to which they were subjected. For this reason, the activity of larvae immediately prior to pupation was analyzed. Although the records of only five individuals were available, there is sufficient evidence presented in them to draw conclusions concerning the effect of approaching pupation upon larval activity (Fig. 8) . The gradual decrease in activity of the larvae is evident, starting about one week before pupation. It is this effect which interferes frequently with the various behavior experiments undertaken with Tenebrio larvae.
Discussion. A correlation of the foregoing experiments of the "light-dark" and "chemical" series reeveals several basic features about the behavior and orientation of Tenebrio molitor. First, it is shown that the larvae exhibit a stronger (negative) orientation to light when given an alternative between light and dark than in a gradient of decreasing light intensity provided by "lateral daylight" (Figs. 1-3) . A correlation of all the light and chemical experiments using overhead illumination is given in Table I . From these data, it would seem at first (first and second columns) that both larvae and adults show sensitivities to light and to PDB which are approximately equal, the larvae avoiding light and PDB 81% and 82% of the time respectively in fiveminute tests, whereas the adults avoided light and PDB 65% and 67% of the time respectively in two-minute tests. But the third column shows clearly that both the larvae and adults are more strongly negative to light than to the insecticide PDB, for when given the alternative of "light without PDB" or "dark with PDB", both groups selected the latter most of the time. It is apparent that the larvae are more sensitive than the adults, both to light and to PDB. Further, it appears that the larvae, though more sensitive to PDB than the adults, will select the area with the chemical in it, if that area is darkened (and the alternative area is not) because of their marked photonegativity.
HUMIDITY REACTIONS
A series of tests was conducted with ten adults to ascertain tendencies to aggregate with differential humidities. A black covered evaporating dish (24 cm. in diameter and 8 cm. deep) was the test chamber. The bottom was covered with filter paper to provide a suitable walking surface. Cardboard "sheds" were used for aggregation chambers, each 5 cm. long, 5 cm. wide, and bent down the center at a 90? angle.
A series of five tests was made to ascertain the aggregating tendency of the animals under moist sheds in the dark, with no other moisture available than that in the air. The test chamber was divided into three equal parts, each separated by lines joining at the center at a 120? angle. Over each of these lines, halfway between the center and the periphery, in an orientation parallel to that of the line, a wet shed was placed. Ten animals were introduced into the chamber, and kept in the dark for a period of two hours or more (from 2 to 24 hours). In none of the tests was aggregation noted; rather, random distribution was the order.
In the second series of tests, the same animals were given an alternative of wet or dry sheds. Six sheds were used, alternating wet and dry, being oriented as before, but with six in the circle instead of three. In the five tests made, a total of 16 animals came to rest under the dry sheds, while only 7 were found under the wet sheds. This represents a total of fewer than half of the animnals used in the tests, which suggests that under dark conditions, there is little response to higher humidity.
In the third series of tests, the animals were subjected to overhead illumination (100-Watt bulb, one foot over the center of the dish), and given access to three wet sheds. The time was recorded for total aggregation in a ten-minute period. As each beetle entered a shed, the time was noted so that each test had a numerical time rating for the "entrance of the first beetle into a shed", etc. From these notations, the average times for the entrance of each into the sheds were calculated. At the end of each test, the ntumber of beetles in each shed was noted. On the average, the first beetle entering a shed was timed at 9.1 secs., the eighth to enter averaging 292.9 secs. In only one test did a ninth beetle enter a shed in less than ten minutes, that time being 530 secs. In no case did a tenth beetle enter a shed in less than ten minutes. The maximum number of beetles found in any one shed in any of the tests was four, and this number in no case represented more than half the total number under all the sheds at the end of the test. Furthermore, since none of the beetles ever left a shed, once it had entered it, it is suggested that the photonegativity of Tenebrio molitor is stronger than its aggregating tendency in governing the orientation of the animal.
In the fourth series of tests, the conditions were the same as in the third series, except that the sheds offered were dry. In these tests, the first beetle entered a shed on an average of 55 secs., the sixth averaged 525 secs., and in no case did more than six beetles enter a shed. It is apparent from these results that the light avoidance is much less pronounced when moisture in the darkened area is at a minimum. It is possible that the moisture in the former test acted as a stimulus comlplenmentary to the inherent photonegativity of the animal.
The results of the third and fourth series of tests are shown in Figure 9 . Th-e results of each test with the wet sheds were so irregular that each was plotted separately, then the "average lo- curve" was superimposed on these individual curves. The "average curves" (for both the third and fourth series) are shown in Figure 9 .
The less complete aggregations among the "dry" tests might be interpreted as an evidence that Tenebrio follows the land isopod tendency to wander about and increase its locomotor activity under conditions of reduced humidity (Allee 1926 ).
LETISI MULATION
The phenomenon of letisimulation, or catalepsy, is widespread in the animal kingdom, both among the vertebrates and the invertebrates. Letisimulation is the act of death feigning when disturbed. Its occurrence in the Virginia opossum is common knowledge. Among the reptiles, the hog-nose snake, Heterodon, is notable for this behavior (see an unpublished Ph.D. dissertation at Northwestern University, 1952, by R. A. Edgren). Among the insects, letisimulation has been studied in several families of beetles. Abshagen (1941) found that sudden shadowing had a greater effect in eliciting a letisimulative response than did sudden illumination. Weiss (1951) found that the duration of the letisimulative period varies with the force of the stimulus and inversely with the temperature.
Observations of letisimulation were made with Tenebrio at first only incidentally to various other behavior studies. But the seeming regularity of its occurrence stimulated a series of tests for letisimulation alone. It was at first observed that when an adult Teenebrio was handled, frequently it would not run away, but remain motionless on the spot where it was released. The duration of a letisimulative period varies greatly.
The beetles were introduecd into petri dishes 9 cm. in diameter, one at a time. The stimulus used was that of handling the beetle with forceps. If the beetle being tested did not letisimulate immediately, it was scored as "0". If it did letisimulate, the period of letisimulation was timed, the maximum duration of any test being three minutes. Although letisimulation was not the usual response, it did occur with appreciable regularity. Also, when it did occur, it was usually for a more or less extended period of time. In 19 of the 80 tests made, letisimulation was shown. Of these beetles that letisimulated, the average period of letisimulation was 63.84 seconds. The total average letisimulation decreased from 29.3 seconds on the first trial of the 16 beetles used to 0 on the fifth trial.
Although the data on letisimulation are admittedly few, it was noted that there is a tendency for the length of the letisimulative period and for the frequency of occurrence of the act to diminish with consecutive tests. This is in accord with the findings of Weiss (1951) on the scarabaeid beetle Diplotaxis liberta. This suggests that the response is capable of being conditioned. It is interesting to note that this same pattern of acclimation to unfamiliar circumstances can be discerned in the species response to light intensity and to poisonous chemicals.
In contrast to this relatively regular occurrence of letisimulation in the adult beetles, neither the larvae nor the pupae show any such behavior. The larvae move rapidly away when released after handling, and move constantly while being handled. The pupae, though incapable of locomotion, exhibit violent movement in the form of dorso-ventral thrashing movements of the abdomen.
GENERAL DISCUSSION
Since a discussion was given previously in each major section, only a few general remarks will be given at this point. Observations on the effects of molds showed the drastic effects molds have in limiting the size of Tenebrio pupae and adults. In its normal environment of stored grains, it would appear that individuals living in moist (and moldy) cereals would be likely to be unsuccessful in competition against those living in dry grains, because of the smaller size of the former.
The pronounced photonegativity of both the larvae and the adults (actives) of Tenebrio is consistent with the normal activities of the species. Some individuals may spend their entire lives without being exposed to light.
The humidity reactions of Tenebrio molitor present an interesting complex. In complete darkness, the animals show no selection of the moist areas, but when given the same alternatives in the light, the animals aggregate in the moist dark areas much more rapidly than in the dry dark areas. It has been demonstrated (Gunn and Pielou 1940) that Tenebrio is more active at the upper end of the humidity gradient. The relations of these reactions to the normal activities of the animal present a problem. If the animal be attracted to a higher humidity, it would be likely to find itself in moldy grain, the detrimental effects of which have been shown above. It seems probable that the strongest reaction of the animal is away from light. If it finds itself in a humid environment, its activity is maintained at a relatively hi,gh level until a drier area is found. In these drier areas, it is known that tenebrionid beetles can survive more easily than most of their com-
